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That excretion of at least certain substances is carried on by the 
kidneys according to definite laws, capable  of numerical expression, 
was shown first for urea by Ambard, who formulated these laws in 
a  formknown as Ambard's coefficient,  and demonstrated the rela- 
tive constancy of the formula (i).  Similar laws were formulated 
by Ambard and  Weill  (2)  for  the  excretion of chlorides.  In  a 
later book Ambard (3) reviews the results obtained by other workers 
in the field, and applies  similar laws to the excretion of water and 
of glucose. 
Ambard's work has attracted attention among French clinicians, 
who have used his coefficient as a  means of estimating renal func- 
tion.  His conclusions have been criticized by writers in this country 
on the ground that he used the inaccurate hypobromite method for 
determination of urea in both blood and urine, but his critics have 
failed to repeat his observations with more accurate methods. 
Using the methods devised in Folin's laboratory for the estima- 
tion of urea in blood and urine we have previously (4)  shown the 
relative constancy of the Ambard formula for urea in normal indi- 
viduals.  We now present the  results  of a  much larger series  of 
1 Preliminary reports of the work here presented have appeared in Am. lour. 
Physiol.,  I914-i5,  xxxvi, 357;  Proc.  Soe.  Exper.  Biol. and Med.,  ~915, xii,  I64; 
Med. Record,  I915,  lxxxvii, 624. 
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Observations  on  urea  and  sodium  chloride excretion in  individuals 
with normal excretion. 
Ambard'  s  Laws. 
Ambard's first  experiments were  with  dogs.  He  found  that  when  the  con- 
centration of  urea  in  the urine  is  constant the  rate of  excretion varies  directly 
as  the  square  of  the  concentration of  urea  in  the  blood.  His  first  law  thus 
formulated is : 
(Urea in blood)  ~  Urea in blood 
=  Constant, or  =  Constant 
Rate of excretion  ~ Excretion per unit of time 
(when concentration in urine is constant). 
Secondly,  he  found,  by  comparing  different experiments in  which  the  con- 
centration  of  urea  in  the blood  was  the  same,  that  the  rate  of  excretion  then 
varied inversely as the square root of the concentration in the urine; i. e., 
Rate of excretion I  ~Concentration II 
Rate of excretion II  ~/Concentration I 
This  may also be expressed 
Rate I ~/Concentration I  =  Rate II ~/Concentration II 
or,  in  other  words,  when  the  blood  urea  remains  constant  the  rate  times  the 
square root of the concentration in the urine remains constant.  Introducing this 
factor into the first law we have 
Urea in blood 
=  Constant. 
~Rate of excretion  ~/Concentration in urine 
This was shown to hold true for the same animal or for the same individual, or 
for  animals  or  individuals  of  the  same  or  nearly the  same  weight.  For  indi- 
viduals of different weight it became necessary to  introduce a  further modifica- 
tion,  in  order  to  make  all  individuals  comparable.  This  modification  is  based 
on  the  assumption,  supported by the  results  of  experiment, that,  other  factors 
remaining  constant,  the  rate  of  excretion  varies  directly  with  the  weight  of 
the  individual.  One  assumes  that  the  amount  of  active  kidney  tissue  and  the 
circulation  of  blood  through  the  kidneys  vary  directly  with  the  weight.  This 
may be expressed as 
Rate 
--  =  Constant (other factors remaining constant). 
Weight 
Introducing this  correction into the previous  formula,  we have 
Concentration of urea in blood 
=  Constant.  ~  Rate  ~/Concentrationin urine 
Weight 
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standardize the formula  for use in human subjects, it was  expressed by Ambard 
as  follows : 
Ur 
=  K  (constant). 
7o  DX~-~  25 
Ur----gm. of urea per liter of blood. 
D ~  gm. of urea excreted per 24 hours. 
Wt---- weight of  individual in kilos. 
C ~  gm.  of urea per liter of urine. 
This  formula  is  known  as  Ambard's  coefficient,  and  the  value  obtained  for  K 
by Ambard and Weill in normal human subjects ranged between 0.060 and 0.070. 
We  have  found the normal variations to  be  somewhat  greater,  and  have  found 
the usual normal to be about 0.080.  The difference in the value of  the constant 
is  probably  due  to  the  more  accurate  method  used  for  determination  of  urea. 
In  Table  I  will be  found  the  results  of  a  larger  series  of  observations  in  indi- 
viduals  with normal excretion. 
The  introduction of  a  standard  weight of  70 kilos,  a  standard  concentration 
of  25  gm.  per  liter,  and the  expression  of  rate of  excretion  as  the  rate  per  24 
hours  are  purely arbitrary,  and  can  not  affect  the  general  relationship  between 
the  variable  factors.  When  these  arbitrary  factors  are  kept  constant,  they,  in 
conjunction  with  the  constant  relationship  between  the  four  variable  factors, 
tend  to  keep  K  constant,  and  the actual  numerical value of  K  is  determined by 
these  arbitrary  additions  to  the  formula.  All  the  observations  of  the  Fr'ench 
school are based on the  formula as thus stated. 
Ambard  and  Weill also  applied  laws  to  the  excretion  of  sodium  chloride  in 
human  subjects.  They  found  that  the  same  general  laws  were  applicable,  with 
the important exception that, while excretion of  urea occurs no matter  how  low 
its. concentration  in  the blood  falls,  there  is  a  threshold  for  chloride  excretion, 
and  when  the  concentration  in  the  plasma  falls  below  this  threshold  value, 
excretion of chloride practically ceases.  In view of the fact that there is a  wide 
difference in chloride content of the corpuscles and plasma,  plasma alone,  as  the 
fluid  part  of  the  blood,  has  been  studied.  Ambard  and  Weill,  partly  by  direct 
experiment and partly by plotting curves,  established the normal threshold value 
for  sodium  chloride  as  5.62  gin.  per  liter  of  plasma.  Therefore  the  sodium 
chloride  above 5.62  gm.  per  liter  determines  the  rate  of  excretion,  and  the  law 
may be expressed as  for urea, 
Excess NaCI over 5.62 gm. per liter of plasma =  Constant. 
~/NaC1 in 24 hrs. ~/NaC1 per liter of urine 
in kilos 
For  practical use  it  appears  best  to  calculate  the  plasma  sodium  chloride  from 
the  rate  of  excretion,  and  to  compare  the  calculated  concentration  with  that 
actually  found.  The  formula,  as  derived  with  the use  of  values  actually  found 
for the constant in the above formula,  reads 
I  70  IC 
Plasma NaC1 =  5.62 -q-  79.33 
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This, in its simplest  form,  reads 
.t/Gm. NaCI per 24 hrs. qGm. NaC1 per liter of urine 
Plasma NaC1  5.62 + 
4.23 X  Wt. in kilos 
The constancy of this formula depends  on two  factors :  (I)  the constancy of 
the threshold, and  (2)  the constancy of the rate of excretion of sodium chloride 
above  the  threshold.  In  their  original  contribution  Ambard  and  Weill  (I,  2) 
believed that the threshold was quite constant in normal individuals.  Later they 
recognized  some  variation  in  the  threshold  in  normal  individuals,  though  this 
variation  seems  to  be  relatively  slight.  Assuming  that  the  laws  for  rate  of 
excretion of  sodium  chloride over the threshold remain  constant in normal indi- 
viduals,  one  may  calculate  the  threshold  by  subtracting  the  calculated  excess 
from the  sodium  chloride  actually  found in the plasma,  and  our  figures  for the 
variations in  the  threshold are  based  on  the  following  formula: 
Threshold =  Plasma NaCI -- %/_ D ~]C 
4.23 Wt 
This formula is subject to error if the rate of excretion over the threshold varies. 
We  have not  found  that the  urea  excretion  gives  any  basis  for  estimating  the 
rate of sodium chloride excretion, and accordingly have not used Ambard's com- 
bined  formula  for  calculating the  threshold of  sodium  chloride  excretion.  Our 
figures  on  the threshold are  only to be  regarded  as  approximate,  since we  have 
so far no means of recognizing variations in rate of excretion over the threshold. 
The  principles of  the  laws  of  urea and chloride  excretion  may be illustrated 
in a  very simple way.  If we  imagine a  vessel into  which  water  flows at  a  con- 
stant rate, escaping through an outlet at the bottom, the water will seek the level 
in  the  vessel  at  which  the  pressure  is  such  that  the  rate  of  outflow  is  exactly 
equal to the intake.  If we then increase or decrease the rate of  inflow, the level 
will change to meet the new conditions.  The  change  in  level of  the fluid in the 
vessel may be  regarded  as  a  compensatory  change.  Under physiological  condi- 
tions fluctuations in the level of blood urea compensate for changes in the rapidity 
of formation of urea, and changes in the level of chloride in the plasma compen- 
sate  for  fluctuations  in  chloride  intake..  Under  pathological  conditions  changes 
in  the  level of  urea and  sodium  chloride  in  the blood  also  occur  to  compensate 
for changes in the outlet,  in the form of  diseased kidneys.  In the case of  chlo- 
rides the outlet of  the vessel must be considered as  being at some  distance from 
the bottom, and in such a  case only the level of fluid above the outlet would  play 
any part  in  determining the  rate  of  outflow,  which would  cease  when the  level 
of  fluid  fell  to  the  level  of  the  outlet.  Similarly,  only  the  chloride  above  the 
threshold  determines  the  rate  of  excretion,  which  practically  ceases  when  the 
threshold value is  reached. 
An Index  of  Urea Excretion. 
As Ambard's  coefficient expresses  changes  in  urea excretion  by 
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an arbitrary scale.  Values  for K  increase directly with increase in 
Ur,  other  factors  remaining  the  same.  Changes  in  K  then  reflect 
changes in the blood urea, which changes occur as the square root of 
changes  in  rate  of  excretion.  In  order  to  express  the  changes  in 
rate  of excretion  in a  manner  mathematically correct and based on 
a  scale of  IOO for the  sake of comparison,  we have used a  formula 
adapted  from the  laws of Ambard,  which  we  have called  an  index 
of  urea  excretion.  An  index  of  IOO,  corresponding  to  a  value  for 
Ambard's  coefficient  of  0.080,  is  the  standard  normal  index,  and 
variations are expressed directly in terms of the normal.  Thus,  an 
index  of  5 °  indicates  a  rate  of  excretion  5 °  per  cent  of  normal 
under  the conditions  of concentration  in the blood and  urine.  The 
index is based on a  standard  normal Ambard's coefficient of o.o8o. 
The  actual  normal  variations  in  the  index  are  shown  in  Table  I. 
The derivation of the index is as follows : 
(Rate of excretion found) 
Index=  (Standard  normal rate)  M Ioo 
(under the same conditions  of weight,  and concentration in blood and urine). 
.'. Normal rate = \ o.o8o / 
Therefore 3)  Normal rate  ~  Ur  ~2 
\ 0.080 / 
and4)  Index= IooX (~)~=(°--~)  2. 
Substituting for K  (Ambard's coefficient)  and simplifying, 
Gm. urea per 24 hrs.  VGm. urea per liter of urine X 8.96  Index =  Wt. in kilos X (Gm.  urea per liter of blood) 2 
When  K =  o.oSo, the  standard  normal, I  (index of urea  excretion) =  ioo. 
In this  form  the  index  offers a  means  of measuring  the  rate  of 
excretion, under the conditions  found at any given time, directly in 
terms  of the  normal,  and  does not  require  the  use  of  an  empirical 
scale  for comparison of pathological cases with  the normal. 
From the laws of Ambard: 
Ur  ~)  K= 
~]Rate ' 
Ur  Similarly 2)  0.080 
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Normal  Excretion  of  Urea  and  Sodium  Chloride. 
Methods for Observation. 
Collection of Specimens.--Short periods are preferable for obser- 
vation.  By collecting the urine over a given period and withdraw- 
ing blood at the middle of the period, the blood sample may be as- 
sumed to represent the average for the period.  If no food or water 
is taken during the period,  and  the period is  not too soon after a 
heavy  meal,  the  rate  of  excretion during  the  period  will  remain 
practically constant.  We  have  taken,  as  a  rule,  a  period  of  72 
minutes,  during either the  forenoon or afternoon.  One-half hour 
before the period the subject drinks  I5o  to 200  cc.  of water, and 
takes no more fluid or  food until  the observation period is  ended. 
At the beginning of the period the bladder is emptied.  36 minutes 
later  about  Io  cc.  of  blood  are  taken  from  an  arm  vein  ifito  a 
dry tube containing about  Ioo rag.  of powdered potassium oxalate, 
and  mixed  with  the  oxalate  to  prevent  clotting.  At  the  end  of 
72 minutes after the bladder was first emptied, the specimen of urine, 
representing  the  total  amount  secreted  during  the  72  minute 
period,  is  collected,  carefully  measured,  and  used  for  analysis. 
A  72  minute  period  is  chosen  since  it  is  one-twentieth  of  24 
hours,  and  the  calculation  to  24  hours  is  made  somewhat  easier. 
It should be remembered that the expression of rate of excretion on 
the basis  of 24 hours need bear no relation to the amount actually 
excreted  in  24  hours.  The  rate  is  actually  determined  for  the 
shorter period, and calculated to 24 hours as a  standard period on 
which to base all results. 
Methods  for  Analysis.  Very  accurate  analyses  are  necessary, 
when one desires to determine a  quantitative relationship such as is 
here described.  The urea content of whole blood  2 and urine are at 
present determined by the use of urease, the specific enzyme of soy 
bean  adapted  to  quantitative  determinations  of  urea  by  Marshall 
(5)-  We have used the permanent preparation of urease described 
by Van Slyke and Cullen, and the procedure advised by them  (6). 
This method is capa!ble of great refinement, and gives very accurate 
results when carefully controlled.  Urine determinations are always 
2 The  urea  content  of  whole  blood  is  slightly  lower  than  that  of  plasma. 
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accompanied by  determinations  of  preformed  ammonia,  and  the 
figure for urea plus ammonia is thus corrected.  Duplicate analyses 
of blood are of advantage when a  sufficient amount of blood is at 
hand,  but  with  careful technique are  hardly necessary.  Duplicate 
analyses on urine are unnecessary.  One nmst carefully control the 
activity of the enzyme used, by the method for standardizing it de- 
tailed  by Van  Slyke and Cullen;  since if  the activity is below the 
specified standard, the enzyme may fail to decompose all urea present 
in the time allowed.  Reagents contaminated with ammonia must, 
of course, be  avoided. 
After removing the portion of whole blood for urea determina- 
tion, the remainder is centrifugalized at high speed to throw down 
all corpuscles, and the plasma is pipetted off.  a  The total chlorides 
of both  plasma and  urine  are  then determined and  calculated as 
sodium  chloride.  For  plasma  we have used  the method recently 
described by the author and Van  Slyke  (7)-  By this method ac- 
curacy within I  per cent may be obtained with 2 cc. of plasma, and 
duplicate analyses  are  rarely necessary.  When the  plasma  is  al- 
lowed to stand in contact with the cells there is a slight tendency for 
plasma sodium chloride to diffuse into the cells.  As will be  seen 
by the  following figures, this  change occurs very slowly and it  is 
necessary only to centrifugalize within two to three hours to avoid 
this danger.  We have usually centrifugalized within an hour after 
the blood was drawn. 
Effect  of  the  Time  of  Separation  of  Plasma  from  Cells  on  the  Chloride 
Content  of Plasma. 
Sample I .............. 
"  II  ............. 
"  III  ........... 
"  IV  ............ 
V  .............. 
Plasma se 
At once. 
NaCI per liter, 
gm. 
6.11 
5.95 
5.99 
5.89 
6.I3 
mrated from red cells by centrifuge. 
After 
hrs. 
3 
3 
4 
4 
24 
NaCI per liter, 
g~ttL 
6.09 
5.97 
5.99 
5.88 
6.07 
Urine chlorides are determined by a modified Volhard titration. 
Titration of the excess silver with ammonium sulphocyanate is per- 
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formed in the presence of the silver chloride precipitate and of 5 per 
cent nitric acid, after five minutes have been allowed for complete 
precipitation  of  the  chloride.  With  this  method  removal  of  the 
proteins  is  unnecessary,  as  has  been  shown  by  Bayne-Jones  (8), 
and results are uniformly accurate to within o.2 of a gram per liter, 
which is sufficient for the present purposes. 
From the urea and  chloride determinations the values  obtained 
are substituted in the proper formulas as described. 
The administration of water before the period is in order to pre- 
vent apparent retention due to dehydration of the organism.  If a 
fair amount of urine is thus obtained one need never obtain results 
in  normal  individuals  simulating  those  in  subjects  actually  re- 
taining  urea.  Apparently  sodium  chloride  is  still  less  dependent 
on water intake than urea.  Diet, especially as regards chloride and 
nitrogen intake, is unimportant from the standpoint of the observa- 
tions,  as the  formulas are independent of the intake.  It  is  there- 
fore unnecessary to put an individual on a standard weighed diet in 
order to obtain comparable observations. 
Calculation.--The  substitution of values found by analysis in the 
formulas and the calculation of the  formulas is  in itself a  consid- 
erable  task  if  the  ordinary arithmetical processes  are  used.  Log- 
arithms are of advantage, but they are also laborious.  To simplify 
the process of calculation, and thereby reduce both the labor and the 
chances  of  error,  a  slide-rule  has  been  adapted  to  the  formulas. 
By  the  use  of  this  device  it  is  not  even  necessary  to  remem- 
ber  the  formulas;  the  whole  calculation  becomes  a  matter  of 
only a  few seconds, and is purely mechanical.  Figs.  I  and 2  show 
the rule as adapted to the calculation of both urea and sodium chlo- 
ride formulas.  It is the usual form of ten inch slide-rule, with the 
addition  of  certain  scales and  indices.  The  manipulation  is  quite 
simple and rapid, requiring no knowledge of the mathematical prin- 
ciples involved in the formulas: 
4 The rule, with directions for use,  may be obtained from Keuffel and Esser 
Co.,  I27 Fulton Street, New York. 
The same rule is adaptable to all problems of multiplication and division, and 
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The  Excretion  of  Urea. 
Table I includes all observations made on urea excretion in normal 
individuals,  including  those  previously  reported  by  McLean  and 
Selling  (4).  This  table also includes observations made in a  few 
hospital patients  with normal excretion and selected for this  pur- 
pose.  It does not include a much larger series of observations made 
in hospital patients in whom the urea figures fell within normal limits, 
but  who  could not  be  properly classified  as  patients  with  normal 
kidneys.  The patients utilized were, for the most part,  cases  with 
heart lesions,  fully compensated, without signs of renal involvement, 
and, except where specified, not under the influence of drugs.  These 
cases,  in conjunction with those strictly normal,  furnish a basis  of 
comparison for study of patients with abnormal excretion. 
Discussion  of  Table  /.--As will be  seen, we have calculated in 
each case,  in addition to the index of urea excretion, the two for- 
mulas 
•/D 
Ur  4-C  and 
As stated above, the latter formula expresses the laws of Ambard 
in the simplest form, without distortion by addition of the constants 
used in Ambard's coefficient; and we have used this  formula as  a 
test of the validity of the laws and the constancy of the normal re- 
lationship.  A  great part  of the apparently considerable variation 
in the index is due to the construction of the formula, in that the 
index varies directly with one factor in the law; i.  e.,  with the rate 
of excretion.  To show the actual deviation from the law we have 
adopted o.3 o as a normal value for 
Ur 
Wt 
corresponding to an index of  Ioo, and have tabulated the percent- 
age variation from the law as expressed in this way.  Deviations 
where the rate of excretion is  greater than that  corresponding to 
the standard value of o.3o are indicated by +, those less by -- Franklin  C.  McLean.  221 
TABLE  I.* 
The  Relation  o[  the  Rate  of  Urea  Excretion  to  Concentration  in  Blood  in  lO7 
Observations  in  Individuals  with  Normal  Excretion,  Arranged  according 
to  Concentration  of  Urea  in  the  Blood. 
Index of  urea  excretion  calculated  from the  formula, 
Index (I)  Gm. per 24  hrs.  VGm. per  liter >( 8.96 
--  Wt.  in kilos X  (Blood  urea) 2 
. 
i  V.S ..... 
F.C.M. . . 
F.C.M. . . 
4  A.R.D... 
I  F.C.M... 
E,.S ..... 
F.C.M. . . 
E.S ..... 
9' F.C.M... 
io  V.S ..... 
11  D.A.P... 
12  V.S ..... 
13  V.S ..... 
I4  2,313 .... 
I5  R.A.S.  . 
I6  F.C.M.. 
ITi F.C.M.. 
18  A.M.C.. 
19  2,333... 
2o  H.T.C.. 
2i  2,333... 
22  A.M.C.. 
23  2,316... 
I 
25  2,333.. 
26  F.C.M. 
2,321.. 
28  2,365... 
29  H.K.A.. 
by 
1. 
Ly 
r. 
ty 
lvlar. 
,t 
May 
Feb. 
Apr. 
Mar. 
Apr. 
May 
Apr. 
3.( 
2.£ 
7•¢ 
3.( 
o.( 
7•~ 
5.( 
B.z 
5  60.2 
9  73.o 
18  80.0 
I  60.0 
5  59.8 
8  6o.o 
Urea. 
o 
•  .~  ~ 
~.~  ~ ~ 
per ten 
[ 
~to~  per ten 
2.c  7.85118•o  +23 
:LC  I3•I  123•0  +30 
).C  9.5  24.3  +3O 
1-¢  I0.6  16.6  +23 
r.~  I0.I  28.2  +33 
5.c  I9.75 22.2  +33 
1.2  21.0  18.0  +30 
5.c  z4•4  I8.7  +20 
~.c  I8.14  +27 
z.¢  3 .82  I9•5  --  3 
8.35  I5.9  +I6 
16.8  I2.4  +I0 
13.62  8.17  --20 
11.5  I3.2  +  7 
21•0  24.2  +37 
9•2  3I•2  +23 
8•0  31.2  +2o 
ii•I  28.7  +27 
16•4  I8.  4  +I3 
I7•94 23.o  +27 
14.9  I3.7  --  3 
6.I5 29•8  +I3 
16.42  16.42  o 
7•2  127.7  1134 
7.85 37.6  I59 
I9.I5 26.5  159 
15.t  20.8  138 
lO.9  [20.6 II16 
21.0  I14.7  [II4 
I.II 
1.2C 
1.2C 
I.I~ 
1.0~ 
i.o~ 
0.26  +13 
0.24  +20 
0.24  +20 
0,26  +13 
0.28  +  7 
0.28  +  7 
Neuras- 
thenia. 
Aortic 
regurgi- 
tation. 
Aortic 
regurgi- 
tation. 
Heart 
block. 
Heart 
block• 
Aortic 
regurgi- 
tation. 
* Those with initials  italicized  were healthy normal adults.  The numbers are 
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TABLE  I.--Continued. 
3o 
31 
32 
33 
34 
35 
36 
37 
38 
Oct.  6 
June  i 
May  4 
,,  27 
,,  29 
Feb.  18 
Apr.  3o 
Mar.  19 
Dec.  21 
39  Nov.  I7 
4o  June  5 
41  Apr.  2o 
42  "  7 
43  May  5 
44  "  21 
45  "  II 
46  Dec.  17 
47  May  26 
48  "  18 
49  Apr.  16 
2,2:  Jan.  4 
52! 2,3(  May  I3 
53  2,316..  Jan.  27 
54  2,365..  Mar.  8 
55  2,316..  Apr.  I 
56  2,333..  Mar.  8 
57  2,o98 ..  Dec.  x 
58  F.C.M  Apr.  28 
59  C.A.L.  May  12 
60  A.A.G.  "  15 
61  P .....  18 
62  2,316..  Mar.  25 
63  2.316 ..  Apr.  9 
64  2,333 ..  Mar.  29 
65  2,375.,  Nov.  3 
66  L.S ....  May  19 
67  2,316.,  Mar.  8 
68  2,316.,  "  29 
Multiple 
~clerosis. 
Ehronic 
Lrthritis. 
Mitral 
stenosis. 
Exoph- 
~halmic 
goitre. 
Aortic 
stenosis. 
Aortic 
regurgi- 
tation. 
Auricu- 
lar fibril- 
lation. 
Mitral 
stenosis. Franklin  C.  McLean.  $23 
TABLE I.--Concluded. 
69  2,316 .... 
!7o  2,333  ... 
71  2,o98 .... 
i 72  A.M.C.. 
73  R.A.S... 
74  C.C  ..... 
75  H.K.A.. 
76  F.C.M.. 
77  2,3Ol .... 
78  L.S  ..... 
79  W.C.M.. 
8o  R.E,P... 
81  H.U  ..... 
~2  2,316 .... 
83  C  ....... 
84  2,098 .... 
85  2,333 .... 
86  2,333 .... 
87  F.C,M... 
88  A.T  ..... 
89  2,365 .... 
90  2,365 .... 
91  2,30I .... 
92  2,333 .... 
93  R.A.S... 
94  A.T  ..... 
95  L.S  ...... 
96  2,365 .... 
97  2,364 .... 
98  A.T  ..... 
99  H.K.A... 
IO0  2,190  .... 
lOI  2,19o .... 
io2  W.C.M.. 
Io3  F.C.M... 
Io4  A.T  ..... 
lO5  F.C.M... 
F.C.M.  .  . 
:67 C 
Jan.  I5 
Feb.  67 
Oct•  2 
May  6 
"  12 
Apr.  x8 
June  4 
Apr.  29 
Mar.  26 
May  19 
"  I8 
4 
Apr.  18 
Mar.  22 
Jan.  Io 
Dec•  1I 
Mar.  27 
Jan.  27 
May  28 
Apr.  12 
Mar.  2 
Jan.  28 
Mar.  22 
"  22 
May  25 
"  2i 
"  23 
Mar.  15 
-  3i 
May  15 
"  22 
Oct.  16 
"  5 
May  1I 
"  25 
"  28 
"  I8 
"  18 
"  25 
i  o  5.8; 
71.o 
67.5 
70.0 
72.0 
60.0 
77.2 
55.0 
55.0 
61.o 
66.0 
45.0 
76.8 
70.0 
73.0 
70.0 
66.4 
77.2 
70.0 
59.0 
65.8 
53.0 
7o,8 
70.0 
7o.o 
55.o 
57.6 
52.0 
7o.o 
6o.o 
53.2 
53.2 
61.o 
77•2 
7o.o 
81.6 
81.6 
84.o 
Urea. 
0.356[20.7  24.7 
o.356112.32 37.4 
o.358113.68 22.9 
0.361121.2  26.5 
0.363h20.7  18.8 
O.363112.4  24.8 
0.363[21.8  23.9 
0.363L31.2  29.3 
0.366]23.2  13.8 
0.385[23.5  22.4 
0.385h11.9  33.3 
0.385]22.6  21.6 
0.385120.I  I5.I 
0-386119.8  26.5 
0.386125.6  22.0 
0.388]23.5  30.0 
o.396122.8  33.8 
o.398115.1  23.8 
o.4o6125.2  63.3 
o.4o6[22.3  33.8 
o.4o6]37.5  27.5 
o.416133.35 32.o~ 
o.416119.25 I9.2~ 
o.427[2o.5  36.6 
0.428123.1  43.0 
O.42812O.9  20.0 
0.428129.9  23.7 
O.437129.6  20.2 
o.437122.I  28.1 
o.449124.I  28.6 
o.47o124.8  24.3 
o•47Ol27•5  21.5 
o.48o113•43 33.3 
o.49213I.O  9.6 
o.513135,I  52.6 
o.513123.9  81.3 
o.539ii5.7  84.7 
0.542 16.75 72.5 
0.577 31-6  34.8 
1.24i  0.29 
1.37 i  0.26 
1.09  0.33 
1.34  0.27 
I.I0  0.33 
I.I0  0.33 
1.37  0.29 
1.461  0.25 
I.IO  0.33 
1.4o  I  0.27 
1.37  o.28 
1.25  o.31 
o.31 
o.31 
o.31 
0.28 
0.26 
0.34 
0.20 
0.27 
0.24 
0.25 
0.33 
0.28 
0.25 
o.3I 
1.4o  I  o.31 
1.381  0,32 
1.591  0,27 
1.421  0•32 
1.42 i  0.33 
1.45  0.32 
1.5I  0.32 
0.94  0.52 
2.0I  0.26 
0.22 
0.27 
0.28 
o.38 
d 
]  per  cent 
+3 
+13 
-IO 
+io 
-io 
-io 
+3 
+16 
-- io  Post- 
pneu- 
monia. 
+io 
+7 
--3 
--  3  gm. 
--3 
--  3 
+7 
+13 
--i3 
+33  Urea  IO 
+io 
+20 
+16 
-io 
+7 
+16 
-  3 
+io 
--7 
~io 
--  7  Heart 
block• 
-  7 
--73 
+I 3  Urea  1o 
gm. 
+27  Urea  lO 
gm. 
+10  Urea 30 
gm, 
+  7  Urea 3o 
gm. 
--27  Urea  1o 
gm, 224  Laws  Governing  Rate  of  Excretion  in  Man. 
Examination  of  the  tables  shows  in  general  an  increase  in  the 
value of 
parallel  with the increase in the concentration  of urea in the blood. 
The  result  of this  parallelism  is  to keep the  formula 
Ur  ,/D 
Wt x  4-C 
relatively  constant.  The  maximum  deviations,  tending  toward 
an increase in rate of excretion, nearly all  fall in those observations 
made  when  the  blood urea figure  was below o.3oo gram  per  liter. 
In this group a number of individuals show an index of 2oo or more, 
corresponding  to  a  deviation  of  -t-33  per  cent  from  the  normal 
laws.  The  probable reason  for this  is discussed below. 
Particular interest, both from the physiological and clinical stand- 
point, attaches to the observations in which the blood urea is between 
o.3oo and  o.5oo grams  per  liter.  It  is  within  these  limits  that  a 
blood urea figure may be quite normal,  or may occur with retention. 
Within these limits are 71  observations.  Of these 7I  observations, 
52,  or 73  per  cent,  lie  within  IO per cent  of the  standard  normal, 
corresponding  to  a  range  in  the  index  from  84  to  I25.  69,  or 
97  per  cent,  come  within a  range  of  25  per  cent  of  the  standard 
normal.  Of the two outside of this limit,  one, previously reported, 
had apparent retention due to dehydration,  the other was an experi- 
ment  following the  administration  of urea by mouth.  Out  of the 
total of lO 7 observations, only 3 have an index below 80.  Of these, 
Nos.  13  and  Io2  are  directly attributable  to  the  small  amount  of 
water  ingested  and  the  small  amount  of urine  excreted,  and  such 
results are easily avoided in normal  individuals by providing a suffi- 
cient  amount  of water before the  observation.  No.  Io  7  followed 
ingestion of urea.  An index of 8o is to be regarded as the lowest 
limit  of normality,  when  the  index  is  used  as  a  measure  of  renal 
function. 
Attention  should  be  called  to  the  conditions  following  the  in- Franklin  C.  McLean.  225 
gestion  of  large amounts  of urea.  In  one  case a  concentration  of 
o.52  of  a  gram  of  urea  per  liter  of  blood  was  attained  after  3o 
grams of urea, and in two observations the index was quite normal, 
the  rate  of excretion reaching  at one time  84.7  grams  of urea  per 
twenty-four hours.  We have not observed a  concentration of urea 
in  the  blood  above  0.500  in  a  normal  individual  under  ordinary 
circumstances,  and  this  concentration  would be very difficult  for a 
normal  person  to  attain  without  ingestion  of  urea,  on  account  of 
the very rapid rate of excretion which takes place when the concen- 
tration  in the blood approaches this level. 
Since  we  have  observed blood  urea  figures  between  o.3oo  and 
o.soo  about  thirty  times  in  perfectly  normal  individuals  under 
usual  conditions  of  diet,  etc.,  there  can  be no  question  that  such 
figures are within the usual range.  During the same time we have 
found the blood urea below o.3oo only twenty-three times in the same 
class of individuals.  Since the laws of excretion hold very closely 
for  the  range  from  o.3oo  and  o.5oo and  show  greater  deviations 
below o.3oo, it appears that the lower figures in the blood are due to 
a  rate of excretion, which, while not in any sense abnormal, is higher 
than  that  shown  by  the  majority  of  individuals.  These  figures 
occur mainly  in young,  active adults.  It  should be noted that  the 
variations  in the blood urea figure,  as well as  in the  index,  are  as 
great  for single individuals  as they are  for all normals. 
We may summarize the findings regarding  normal urea excretion 
as  follows:  The  normal  concentration  of  urea  in  the  blood varies 
from about o.2oo to o.soo grams  per liter,  in the same or different 
individuals.  The rate of excretion is determined by this concentra- 
tion  and by the  rate  of water  output.  The  laws  given above hold 
closely for  concentrations  of  urea  in  the  blood between o.3o0 and 
o.soo grams per liter, and somewhat less so for concentrations below 
o.3o0, the tendency in the latter case being toward a  higher rate of 
excretion.  Findings  simulating  those  of urea  retention  are  easily 
avoided by providing  for  a  sufficient output  of urine,  by adminis- 
tering water before the period of observation. 226  Laws  Governing  Rate  o/ Excretion  in  Man. 
Normal  Chloride  Excretion. 
Table  II  summarizes the results  obtained  from observations  on 
chloride excretion.  The  class  of individuals  used and  criteria of 
selection were the same as those in Table I, many of the observations 
in the two tables being made simultaneously.  In this table we have 
arranged the observations in order according to the calculated value 
of plasma sodium chloride from the formula given, and have com- 
pared in each case the concentration actually found.  The difference 
is  expressed  as  --}- or--,  according  to  whether the  concentration 
actually found was higher or lower than the concentration calculated 
from the rate of excretion.  We have also calculated the threshold 
in each case, i.  e.,  the threshold to  which 
X/  D4d 
4.2; x  wt 
being added will give the concentration actually found in the plasma. 
It will be seen that on the whole there is a  remarkably close agree- 
ment  between  the  actual  and  calculated  plasma  sodium  chloride, 
and this agreement is usually within the limit of error in determin- 
ing the plasma sodium chloride.  The threshold is therefore very con- 
stant at about 5.62 grams per liter, as originally stated by Ambard 
and Weill.  The actual average of all values  for threshold in  the 
table is 5.6I  grams @.  A  certain amount of deviation, as yet un- 
explained, must be recognized.  The maximum variations observed 
are  from  5.24  to  5.84  grams.  65  observations,  or  9o  per  cent, 
are within a  range of 5.52  to 5.72  grams.  5 o,  or 70  per cent, are 
within range of 5.57 to 5.67 grams, or within range of experimental; 
error of the average threshold of 5.62  grams. 
The deviations from the threshold have occurred mainly in young 
active individuals.  It has been a  striking  feature, not alone in the: 
figures  presented,  that  hospital  patients  with  normal  excretion, 
leading well regulated lives, have an average greater degree of con- 
stancy in the chloride threshold and excretion than strictly normal, 
active individuals. 
As previously mentioned, Ambard attributes  certain  changes  in 
the threshold to the relation of diet, time of meals, etc.  Table III Franklin  C.  McLean.  222' 
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shows  the  findings  from  observations  made  in i  the  same  indi- 
viduals  just preceding  and  two to three  hours  after  a  heavy noon 
meal.  This table includes the maximum variations in the threshold 
that have been found, in both directions.  Out of nine observations, 
in  only  two,  Nos.  8  and  9,  is  there  evidence  of  any  appreciable 
change in the threshold between the morning and afternoon periods. 
In one of these the threshold  was already very low in the morning 
and  was still  lower in the  afternoon.  In No.  9  the threshold  was 
apparently  raised  between the  two periods.  In  none  of  the  cases 
was any particular  attention  paid to diuretics,  most of the subjects 
drinking  tea with the noon meal. 
The individual variations  in the chloride threshold and excretion 
are  also  of  interest.  Table  IV  contains  the  results  of  numerous 
observations made in  the  same  individuals  and  shows  the  range  of 
variations  that  may be encountered  under  conditions  that  are  ap- 
proximately identical.  Nos.  I, 2,  3, and 4  are normal  individuals; 
5, 6, and 7 are cardiac cases with full compensation.  Nos. 5 and 7 
include  some  observations  in  subjects  under  the  influence  of  dig- 
italis;  No.  6  includes only the observations made  when the  patient 
was  not  under  the  influence  of  any  drugs.  Subject  I,  in  whom 
the  greatest  number  of  observatiotis  was  made,  shows  the  maxi- 
mum variation.  There was a  tendency toward a  high threshold  at 
most times, and a lowered threshold occurred only under the diuretic 
effects of large doses of urea. 
A  comparison of the chloride  results with the blood urea figures 
and  the  index  of  urea  excretion  discloses  no  interrelationship  be- 
tween  the  two  functions.  Either  a  high  or  a  low  threshold  for 
chlorides  may exist  coincidently with  a  high  or low blood urea  or 
high or low index.  No evidence has been found which causes us to 
believe that the normal variations in chloride and urea functions are 
parallel.  The  degree  of  constancy  of  chloride  excretion  is  more 
striking  than  that  of urea,  and  remains  so in  the  presence  of  the 
maximum variations  in urea  function. 
The  findings  regarding  normal  chloride  excretion  may be sum- 
marized  as  follows: The normal  and  usual  range  of concentration 
of chlorides in human plasma is from 5.62 to 6.25 grams of sodium 
chloride per liter or higher,  according to the amount  ingested.  On 232  Laws  Governing  Rate  of Excretion  in Man. 
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the excess over a threshold of about 5.62 grams per liter depends the 
rate  of  excretion,  the  laws  governing  which  may  be  expressed 
numerically.  A  concentration below  5.62  grams  per  liter  has  not 
been observed in a  normal individual. 
DISCUSSION. 
In the above laws for both urea and sodium chloride four variable 
factors are considered; namely, the concentration in blood and urine, 
the rate of excretion, and the weight of the individual.  Indirectly 
the  water  content  of  the  blood  is  considered;  inasmuch  as  it  in- 
fluences the rate of water output and thereby the concentration of 
urea or sodium chloride in the urine, and the rate of their excretion. 
The use of body weight in the formula implies that the amount of 
blood flowing through the kidneys in a given time is  relatively con- 
stant per kilo  of body weight,  and also that the amount of  func- 
tionating kidney tissue  is  in  direct proportion to the body weight. 
That the factors of blood flow, etc., are subject to variations  from 
time to  time,  in  the same  individual,  as  well as  in  different indi- 
viduals,  can  not  be  doubted.  That  the  normal  variations  in  the 
laws  are due to such changes can not at  present be  shown,  but  it 
seems that if these  factors could be  controlled, the degree of con- 
stancy might be much higher.  Inasmuch as the variations  in  dif- 
ferent individuals of far different weights and proportions  are no 
greater than the variations in the same individual at different times, 
the relation of body weight to the rate of excretion seems well es- 
tablished.  Body temperature has been shown by Ambard to be of 
some importance, but the normal variations are apparently not suf- 
ficient to influence the rate of excretion.  That such a number of pos- 
sible factors influencing a physiological process, such as the rate of 
excretion of urea or sodium chloride, can be controlled and brought 
into numerical laws which show a  high degree of constancy is  of 
great importance from the standpoint  of normal and  pathological 
physiology.  It suggests that many of the so called vital processes 
may work under laws as definite as the better known laws of physics. 
The rate of flow of liquids under different conditions has long been 
subject to numerical expression by the laws of hydrostatics.  That Franklin  C.  McLean.  235 
at least certain  functions of body tissues can be as well defined now 
appears  probable. 
CONCLUSIONS. 
I.  The excretion of urea and of chlorides in the normal individual 
is  carried  out according to  definite  laws,  capable of  numerical  ex- 
pression. 
2.  The  rate  of  excretion  of  urea  and  of  sodium  chloride  is  de- 
termined by the concentration in the blood, the rate of water output, 
and  indirectly by the weight of the individual. 
3.  The threshold of sodium chloride excretion is practically con- 
stant  at  about  5.62  grams  of  sodium  chloride  per  liter  of  plasma. 
Slight variations  in the  threshold  occur in normal individuals. 
4.  The  rate  of  excretion  of urea  under  the  conditions  found  at 
any  time  can  be  measured  directly  in  terms  of  the  normal  by an 
index of urea excretion. 
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EXPLANATION OF PLATES. 
Figs.  I  and  2  show  a  slide-rule  adapted  to  calculation  of  urea  and  sodium 
chloride  formulas. 
PLATE  2 7 . 
FIG. I.  I, If, and III show the calculation of the urea index. 
Example. 
Gin. urea excreted  per 24 hrs.,  D =  2o.o 
Gm. urea per liter  of urine,  C----II.O 
Gin. urea per  liter  of blood,  Ur---- 0.33o 
Body weight  in kilos,  Wt ~-55.o 
I.  55.0 on Wt scale is set opposite 2o.o on D scale (first position). 236  Laws  Governing  Rate  of Excretion  in  Man. 
II.  Hair line on runner is moved to  Ii.o on  C  scale  (second position). 
III.  Slide is moved so that 3.30 on Ur scale is at hair line on runner (third position). 
Reading is now made at the arrow which points to scale I  an(~ is between 99.0 
and Ioo.o.  Therefore the index,  I,  is  Ioo.o. 
PLATE 28. 
Fro.  2.  IV, V, and VI show the calculation of plasma sodium chloride. 
Example. 
Gin. sodium  chloride excreted per 24 hrs.,  D ~  18.o 
Gin. sodium chloride per liter of urine,  C-~  9.0 
Body weight in kilos,  Wt ~  4o.o 
IV.  4o.0 on Wt scale is set opposite  I8.o on D  scale  (first position). 
V.  Hair line on runner moved to 9.o on C  scale  (second position). 
VI.  Constant at 4.23  on Wt scale moved to  hair line on runner. 
Reading is made opposite the arrow on E  scale, which is at 0.57. 
Calculated  plasma  sodium  chloride ~  5.62 +  E ~  5.62 +  0.57 ~- 6.I9. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  XXlI.  PLATE  27. 
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